Purpose In some cases of total ankle replacement, perfect alignment of the prosthetic components is not achieved. This study analyses the extent to which component positioning is critical for the final range of motion. Methods Fourteen patients undergoing total ankle replacement were assessed preoperatively and postoperatively at seven and 13 months follow-up. X-ray pictures of the ankle were taken in static double leg stance, i.e. at neutral joint position, and in maximum plantarflexion and dorsiflexion. Measurements were obtained by a specially devised computer program based on anatomical reference points digitised on the radiograms. These allowed calculation of the position and orientation of the components in the sagittal and coronal planes, together with the joint range of motion. Results The mean range of motion was about 34 degrees at the first follow-up and maintained at the second. Tibial and talar components were more anterior than the mid-tibial shaft in 11 and nine patients, respectively. Mean inclination was about four degrees posterior for the tibial component and nearly one degree anterior for the talar component. A significantly larger range of motion was found in ankles both with the talar component located and inclined more anteriorly than the tibial. Conclusions Correlation, though weak, was found between motion at the replaced ankle and possible residual subluxation and inclination of the components. However, a satisfactory range of motion was also achieved in those patients where recommended locations for the components could not be reached because of the size of the original joint deformity.
Introduction
In the last decade there has been a renewed interest in total ankle replacement (TAR) after the disappointing clinical results of earlier prosthesis designs [6, 14] . TAR is becoming the treatment of choice for severe erosions of the articular surfaces, but there is still no clinical evidence of a statistically-based superiority with respect to arthrodesis [15] . In order for TAR to achieve better function, it is fundamental to enhance current understanding of postoperative performance. This knowledge is currently based mainly on clinical and radiological assessments and survival rates [30] , whereas instrument-based measurements in vivo can provide thorough functional evaluations.
Quantitative measurements by gait analysis have been performed successfully [8, 18] , but motion of the polyethylene insert cannot be tracked and bone segment motion is affected by artefacts associated with skin interposition [21] . Motion of three-part designs can be tracked accurately in vivo by videofluoroscopy and relevant 2D to 3D matching techniques [1, 24] . This, however, requires radiation of the patient and time consuming procedures of shape matching. Measurements on radiograms are limited to 2D and are equally time consuming, but these can rely on better quality images for more accurate estimates of position and alignment, once the inter-operator variability is assessed [3, 32] . Morphological measurements have also been performed to characterise normal ankle dimensions [28, 29] . Combination of any of these techniques enables comparison of performances of current TAR designs, to possibly explain the causes of frequent failure.
Many clinical and a number of instrument-based studies have addressed performance and efficacy of TAR. Only a few have reported these in combination with geometrical parameters at the joint, such as dimensions, locations, alignments and deformity, although these are expected to be among the main causes of implant failure. The effect of preoperative deformity in the coronal plane on the surgical and clinical outcomes, and the added difficulty of correct positioning of the prosthetic components have been discussed [5] . Worse survival rate and radiological outcomes were observed in ankles with severe preoperative varus-valgus deformity [7, 34] , demonstrating that the full correction of large ankle deformities in TAR is still challenging. Another study suggested that preoperative deformity even larger than ten degrees can be corrected successfully [16] and maintained in the long term [17] . Successful relocation of the talus in patients with anterior subluxation was also achieved [34] . A few studies performed computer-based measurements on radiograms to assess range of motion (ROM) [2, 4, 25] . The only study that has investigated the effect of component positioning on ROM at the replaced ankle was under in vitro conditions [31] .
Prosthesis component positioning, particularly anteroposteriorly [27] , would be expected to have a considerable effect on motion at the replaced ankle. This positioning is expected to be particularly critical for the prosthesis designs that claim compatibility with the function of ligamentous structures [5, 11, 22, 27, 33] , which are retained during TAR. Ligament compatibility was sought explicitly for one recent design [22] , after previous computer modelling work [20, 23] . To establish this compatibility, the new design has a spherical convex tibial component, a talar component with radius of curvature in the sagittal plane longer than that of the sulcus of the natural talus, and a fully conforming interposed meniscal component [22] . Observations in a number of patients [10] supported claims that physiological ankle mobility is reproduced and, at the same time, complete congruence at the two articulating surfaces of the meniscal bearing is maintained throughout the motion arc. This implies considerable anteroposterior motion of the meniscal bearing on the tibial as well as the talar component (Fig. 1) . With this design, ligament tensioning and prosthetic component positioning is therefore relevant and potentially critical.
The general aim of our study was to check how critical component positioning is for motion at the replaced ankle joint. The specific goal was the identification of the geometrical parameters in prosthesis implantation that affect joint function the most. These parameters would describe the component positions and inclinations in both the sagittal and coronal planes, both preoperatively and postoperatively. The effects of these parameters on the radiographic-based range of both dorsi and plantar flexion was determined.
Materials and methods

Patients
From all the patients operated upon in this institute with the BOX Ankle (Finsbury Orthopaedics Limited, Leatherhead, UK) between February 2006 and May 2008, a group of the first 14 who signed an informed consent approved by the local Ethical Committee was analysed together irrespective of age, sex or aetiology of arthritic disease. The average age at the time of operation was 54.6 years (range . By May 2009, these patients were analysed radiographically at 7±1 and 13±1 months follow-up.
Nine patients were treated for post-traumatic osteoarthritis, three for rheumatoid arthritis and two for primary osteoarthritis. Nine patients were treated on the left side and five on the right side; eight were males and six females. The patients were assessed both preoperatively and postoperatively by radiological measurements and fluoroscopic analysis. Clinical assessment pre-and post-operatively at the follow-ups was performed using the standard AOFAS clinical score (maximum value 100) [19] . This includes assessment of 'function' (max 50), 'pain relief' (max 40) and 'alignment' (max 10). Preoperatively, the ankle joint complex ROM was also assessed with a goniometer. On average, this was found to be 24 degrees (21 degrees in post-traumatic patients, 28 in rheumatoid and primary patients). The BOX Ankle prosthesis and relevant operative procedure have been discussed in detail in previous papers [10, 22] .
Radiological measurements
Radiographic pictures of the ankle were taken in static double leg stance using a standard fluoroscope with 32-cm field of view (Alpha90SX16, CAT Medical System, Rome, Italy). The patients stood on a wide step, 45-mm high, to bring the lower leg, foot and floor into the field of view of the fluoroscope. At each postoperative follow-up, four single frame pictures were collected, three lateral projections (sagittal plane view) with the ankle in maximum plantarflexion, maximum dorsiflexion and neutral joint position, respectively, and one in anteroposterior projection (coronal plane view). Preoperatively, only the two pictures in neutral position were taken. Every picture included at least 12 cm of the proximal foot and 10 cm of the distal shank, according to standard recommendations [32] .
Analysis was performed on each picture, using software designed by the authors for that specific purpose, and developed in Matlab (The Mathworks Inc., Natick, MA, United States). All measurements on the pictures were taken by a single operator. A reference coordinate system was embedded in each picture, i.e. relevant proximal/distal (P/D), antero/posterior (A/P) and medio/lateral (M/L) axes were defined, with respect to which coordinates defining the positions of all points expressed in numbers of pixels were used for all calculations. Within the software tool, the operator was guided to digitise a number of anatomical points in sequence. The longitudinal tibial axis (LTA) was defined as the line that fitted in a least square sense the four mid points between pairs of points digitised on the edges of the silhouette of the most proximal part of the visible tibial diaphysis (Fig. 2) . The foot plantar axis (PA) was defined to be coincident with the image of the floor in lateral projection picture (Fig. 2a,b , points 1-2).
On the lateral pre-and postoperative projections in neutral joint position (Fig. 2a,b) , the anteroposterior The digitised points (white circles), the relevant construction lines (dash-dot lines) and distances (solid) are depicted. As indicated in the small square in A for the talus, point 3 is the crossing dome-to-neck point, 4 is most anterior aspect of the talar head, and 5 is the intersection between the extension of the posterosuperior calcaneal cortex and the contour of the posterior subtalar articular surface, according to Tochigi et al. [32] position of the articular surfaces was taken as the A/P distance, i.e. d1 and d2, between LTA and respectively the landmark at the dome-to-neck crossing, point 3, in the preoperative picture (Fig. 2a) and the most anterior point of the prosthetic talar component, 10, in the postoperative picture (Fig. 2b) . The talus length (D) was that of the projection on the A/P axis of the line segment between points 4 and 5, respectively, on most anterior and posterior aspects of the talus (Fig. 2a,b) . The tibio-talar ratio (TTR) in the preoperative and postoperative pictures (Fig. 2a,b) was defined, respectively, as the lengths of d1 and d2 as a percentage of length D.
The most posterior and anterior points of one fixation bar of the tibial component (Fig. 2b , points 6-7) define its inclination and its anteroposterior position both with respect to LTA; the former is the inclination of the line segment between the two points, the latter is the distance of the mid point along this segment. The most distal tip of the posterior and anterior pegs for the fixation of the talar component (Fig. 2b, 8-9 ) define its inclination and its anteroposterior position both with respect to LTA; the former is the inclination of the line segment between the two tips, the latter is the position of an anteroposterior centre of the component, as calculated from the location of these tips and knowledge of its full 2D silhouette. Both tibial and talar anteroposterior locations were then expressed as percentages of the anteroposterior length of the tibial component, calculated as a known ratio of the fixation bar lengths. The anteroposterior position of the talar component over the talus was represented by the difference between the A/P distances from LTA of the points 10 and 4 , as percentage of length D. Postoperative ROM of the ankle joint complex was calculated as the difference of the angle between LTA and PA from the lateral projections in maximum dorsiflexion and plantarflexion.
On the anteroposterior projections (Fig. 2c,d ), the medial and lateral edges of the articular surface of the distal tibia in the preoperative picture (Fig. 2c, 11-12 ) and the most proximal border of the medial and lateral fixation bars of the tibial component in the postoperative picture (Fig. 2d,  15-16 ) define the tibial varus-valgus alignment, calculated as the angle between their perpendiculars and LTA. The talar varus-valgus alignment was taken as the angle between LTA and the perpendicular to the top of the trochlea tali. In the preoperative picture, this is between the medial and lateral edges of the natural trochlea (Fig. 2c, 13-14) . In the postoperative picture, this is between the most proximal points of the upper surface of the talar component (Fig. 2d, 17-18 ). To test the repeatability of these measurements, the same four radiographic pictures were analysed by a single operator at one day time distance.
In the postoperative lateral picture at maximum joint positions, 3D fluoroscopic analysis was also performed according to an established technique for the assessment of replaced joint kinematics [1] . Three-dimensional prosthesis component positions and orientations were obtained from each picture by an iterative procedure which achieves a best matching between the visible silhouette contours and relevant CAD model projections. Previous validation work showed that these positions and orientations have accuracy better than 0.5 mm and 1.0 degree in the sagittal plane, respectively [1] . The coordinate system of the tibial component was taken as the reference for tracking that of the polyethylene mobile bearing by using the coordinates of three 0.8-mm diameter tantalum beads inserted in known positions (Fig. 1) . The relevant anteroposterior motion, expressed in millimetres, was calculated according to the standard joint convention recommended by the International Society of Biomechanics [13] .
Statistical analysis was performed using the independent samples t-test and the correlation coefficients by means of a Matlab software tool (The Mathworks Inc., Natick, MA, United States). Correlations were sought between all possible variable couples, and only those statistically significant were reported.
Results
The validation test revealed that the least intra-operator repeatability was for inclination of the talar component in the sagittal plane and TTR. For these measurements, however, the range between the three repetitions was, respectively, 0.7 degrees and 1.3%, equivalent to approximately 0.4 mm.
The patients analysed all had satisfactory clinical results. On average (Table 1) , the AOFAS score increased from about 43 preoperatively to 78 and 77 at seven and 13 months, respectively. ROM (Table 2 ) was about 34 degrees at both follow-ups. At 13 months, ROM was significantly smaller in post-traumatic patients than in all the others (p<0.05).
In the sagittal plane (Table 3) , A/P prosthesis position revealed that the tibial component was more anterior in 11 patients (mean ± standard deviation, 12±9%) and more posterior in three (−6±6%); the talar component was more anterior in nine patients (11±6%) and more posterior in five (−3±3%). Twelve tibial components were posteriorly inclined (−5±2 degrees) and five talar components were anteriorly inclined (10±6 degrees), with one of these at 18 degrees. In combination, the talar component was more anterior than the tibial in five ankles and more posterior in nine. In nearly all cases, the considerable anterior subluxation of the talus, i.e. TTR, observed preoperatively (mean 46.3%) was found corrected postoperatively (mean 36.3%), i.e. a reduction of the subluxation as large as 10% of the talus length was achieved (maximum correction being 21%, patient #1). Those ankles with larger preoperative anterior subluxation showed the talar component positioned more posteriorly over the talus (R 2 =0.31, p<0.05) postoperatively.
In the coronal plane (Table 3) , preoperative varus deformity was found, both in the tibia and in the talus, and was severe (over ten degrees) in three patients, about ten degrees in one, and with the peak in patient #9 (28 and 23 degrees, respectively). Postoperatively, this deformity was corrected to less than six degrees for both bones.
At both follow-ups, larger ROM was observed in ankles with larger A/P meniscal-to-tibial motion ( Fig. 3 ; R 2 =0.28 at the first follow-up, R 2 =0.29 at the second, p<0.05 in both) in the expected direction (Fig. 1) . A significantly larger ROM was found in ankles with the talar component located more anteriorly than the tibial component (R 2 =0.25, p<0.05). This was true also for positions of the talar component more anterior than LTA (R 2 =0.34, p<0.05). A significantly larger ROM was found also for talar components inclined more anteriorly than the tibial (R 2 =0.32, p< 0.05). No statistically significant correlations were found between ROM and the measurements in the coronal plane.
Discussion
Improvement of the current understanding of TAR is fundamental to achieving better clinical results. Instrumentbased measurements on radiographs can provide quantitative assessment of motion at the replaced joint and at the same time quantify final positions and inclinations of the prosthetic components. These two groups of data allow relevant correlations, important in understanding the effects of malpositioning, or not fully correctable joint deformity, on final function at the replaced joint [27] . Only a few studies have examined this issue thoroughly; therefore, the scope of this retrospective study was to identify these correlations on a number of patients implanted with a modern TAR. For this design, good alignment and ligament compatible positioning of the components is recommended explicitly [10, 22] . Despite the small misalignments observed, some of these had statistically significant effects on the function of the replaced ankle.
Important statistically significant correlations were found, revealing those geometrical parameters in prosthesis implantation of TAR which most affect function at the replaced joint. At the same time, all these significant correlations were found with R 2 always smaller than 0.35. However, what it is fundamental to know within this context is the statistical significance. As an example, it is established that the final ROM in TAR accounts for a large number of factors; with the nearly 0.30 value of R 2 found here, it can be now deduced that about one third of this ROM is explained by the A/P motion of the meniscus in this design. This is also the framework within which the following findings shall be comprehended.
Our results were obtained by means of an original computer-based technique for measurements on radiographs developed explicitly for the purpose. Each geometrical measurement was obtained, both on the bone preoperatively and on the prosthesis post-operatively, by digitising well identifiable landmarks on the digital radiographs (Fig. 2) . In general, these measurements are not without limitations. The preliminary validation test has Table 2 Mean ± standard deviation ranges of motion at the ankle joint based on radiographs (7-and 13-month follow-ups), also according to aetiology.
[Range] and {number of patients} are also noted. All measurements are in degrees identified an intra-operator repeatability appropriate for the objectives of this study, although a range of about one degree for inclinations and one percent for positions was found. The most critical position measurement was TTR, probably due to the difficulty of digitising the posterior endpoint of the talus (point 5), although this was based according to a robust method [32] . Possible inclinations in the frontal and transverse planes of the tibial component in the projection pictures could have obscured the two bars on which its position and inclination is calculated; these inclinations were not that large, rather their combination enabled the clear identification of the two bar extremes necessary for the measurements. All positions and inclinations were measured in relation to the tibia long axis, i.e. LTA, also those for the talus; however, the only possible source of altered measurements is the difference between the two ankle neutral positions (pre-and post-operatively), but these were found small (range 0.6-7.7 degrees). Unlike another study [34] , the subluxation was not defined exactly on the same landmarks before and after implantation; however, in our operative technique the target for the most anterior part of the talar component, point 10, is in fact the dome-to-neck crossing, point 3, and, in addition, what is represented here is the A/P relative position of the articulating surfaces, the cartilagineous pre-operatively and prosthetic post-operatively. The patients analysed had preoperative ROM and AOFAS score typical for arthritic ankle, and were improved after operation, with 6, 4 and 4 having, respectively, fair, good and excellent scores at the 13-month follow-up, and were already satisfactory at the seven-month follow-up. These scores are similar to another larger population of TAR using the present Fig . 3 Correlation plot between ROM and meniscal-to-tibial motion at first (grey) and second (black) follow-up design [10] and also to two more general clinical series [12, 30] . The large ROM observed is accompanied by and partly accounted for by the equivalently large meniscal-totibial motion (Fig. 3) , the coupling of these two having been predicted [20, 22] and preliminarily shown [10] . This meniscal-to-tibial motion suggests that restoration of a natural movement of talus on the tibia was achieved [20] . Only one previous paper [24] reported meniscal movement in TAR but this measure was deduced and not detected directly as in our study. All but one of the prostheses were implanted with both tibial and talar components within three mm and three degrees from LTA. In general, both components were positioned mostly anteriorly and tilted posteriorly with respect to LTA, probably associated with the initial position of the tibial alignment jig [10] . For the tibial component, this reflects the surgical care needed to avoid removal or fracture of the posterior malleolus [5] . The larger anterior inclination for the talar component (Table 2 ) may also have been influenced by the manual imposition of the ankle neutral position at which the first horizontal bone cut is made [10] . This manual imposition is difficult to perform correctly, and it could be useful to add the ability to automate this procedure to the surgical instruments. However, we found that an anterior position of the talar component with respect to the tibial component resulted in a slightly larger ROM. A larger ROM was observed also where the talar component has an anterior tilt with respect to the tibial component. The only one similar previous report [31] claimed the opposite trend for the talar component positioning, but this was from in vitro measurements. Conversely, neither the position nor the inclination of the tibial components are correlated with ROM. This should not be interpreted in terms of targeting component malpositioning for achieving better functional results.
The TTR parameter was explicitly introduced to compare joint subluxation pre-and post-operatively. In general, TAR is meant to correct any preoperative subluxation, though the current flat-tibia three-part designs are less critical in this respect. A good correction was achieved in our patients, at surgery with both more anterior positioning of the tibial components and more posterior positioning for the talar components. This resulted in a correction as large as 10% of the talus A/P length, though not with statistically significant effects on ROM. It is expected that this correction implies a more physiological location for the flexion axis [34] .
In the coronal plane, varus-valgus alignment with respect to LTA was about seven degrees varus preoperatively both at the tibia and talus (Table 3 ). In the talus, even large varus-valgus deformity was corrected within five degrees for all patients, consistently with relevant recommendations [15] . These large corrections do not negatively the affect final ROM in the sagittal plane. The correct alignment in the coronal plane is known to be critical for the success of TAR, both for preventing failure for instability [17] and for limiting peak contact stresses at the components [9, 26] .
In conclusion, geometrical parameters were measured on radiographs from a series of patients who underwent ankle replacement, as well as the range of ankle flexion. Anteroposterior location of the components and their inclination in the sagittal plane were found to correlate with motion at the replaced ankle. However, a satisfactory range of motion was also achieved in those patients where recommended locations for the components could not be reached because of the size of original joint deformity.
